A nanodiagnostic genotyping method was presented for point mutation detection directly in human genomic DNA based on ligase reaction coupled with quantum dots and magnetic nanoparticle-based probes. For this purpose, allele-specific probes, including a biotin-labeled common probe and two biotin-labeled allele-specific probes were designed for mutant and wild alleles of human beta globin gene (IVS-II-I G / A point mutation). When genomic DNA carried the mutation site, the common probe and allele-specific probe were ligated to form exponential amplified biotin-labeled fluorescence ligation products. These ligated products were captured by streptavidin-coated magnetic nanoparticles at one end and then attached to a QD 605-streptavidin conjugate at the other end to be detected fluorescently. Thereafter, the genotypes were identified conveniently according to the fluorescence color of quantum dots using a rotor-gene 6000Q real-time rotary analyzer. The results demonstrated the sensitivity and specificity percentages of this nanomolecular mutation detection method were 85.45% and 95.77% respectively. In addition, this method could be a high throughput and high sensitivity detection system that represents suitable non-PCR based nanodiagnostics for detection of other point mutations.
Introduction
Gene point mutations present important biomarkers for genetic diseases. However, existing point mutation detection methods suffer from low sensitivity, specicity and tedious assay processes.
1 A major goal of mutation diagnostic methods is the ability to detect low abundant mutations with enough sensitivity to detect the mutant DNA without generating false positives or false negatives. Nucleic acid amplication methods fall into three categories: target, probe and signal amplication systems. 2 The majority of diagnostic methods rely on PCR amplication of target sequences. 3 The main disadvantages of PCR based methods although highly sensitive are amplication errors due to mis-priming, limited accuracy of discriminating single nucleotide variations, and limited multiplexing capability.
1,4-6 Although a number of alternative PCR-free methods have been introduced, ligation-based techniques are the most widely used for diagnostic methods due to their exceptional specicity on base discrimination using ligase enzyme and robust multiplexing capabilities.
1,7
The ligase detection reaction (LDR) is a probe amplication method that uses two adjacent probes and the thermostable ligase.
8 LDR employs two-allele specic probes known as discriminating probes, which differ in the base at their 3 0 -end and one common probe. Only if the discriminating primer fully complement to the target sequence, the ligase joins this primer to common one to form ligation products. Common or discriminating primer or both of them can be labelled, which is used for detection step. 9-14 LDR has certain advantages over PCR based methods. LDR amplies the probe molecule instead of producing fragments of DNA through polymerization of nucleotides so; few steps are involved in the amplication cycle, thereby reducing the time needed to complete the entire process. In addition, PCR requires high-quality DNA because it involves the amplication of large chains of nucleotides, whereas LDR does not, because the target sequence is usually small (36 to 60 nucleotides). Ligase reactions have exceptional specicity on base discrimination because of high delity thermostable ligase enzyme. 1, 7 The use of a thermostable ligase minimizes target independent ligation since the ligation reaction can be performed at or near the melting temperature (T m ) of the oligonucleotide probes.
Colloidal semiconductor nanocrystals, which are also called quantum dots (QDs) as a popular kind of uorescent material that have several unique photophysical properties. Quantum dots have been found to be superior to traditional organic dyes as uorescent markers with numerous advantageous features, such as longer lifetime, high extinction coefficient, high quantum yields, photostability, negligible phototoxicity and broad absorption spectrum but narrow emission spectra that is tuneable by changing the crystallite size.
1,15-27
Quantum dots also have a brighter emission and a higher signal to noise ratio compared with organic dyes. The brightness of quantum dots compared to organic dyes are 10-20 times brighter.
28 Quantum dots are stable uorophores due to its inorganic composition, which reduces the effect of photo bleaching compared to organic dyes. The uorescence time for quantum dots is about 10 to 40 ns, which is longer than the uorescence of a few nanoseconds of organic dyes. 29, 30 The large Stokes shi (difference between peak absorption and peak emission wavelengths) reduces autouorescence, which increases sensitivity.
31
Lastly, the multicolour property of quantum dots allows the use of many probes to track several targets simultaneously.
1,15-25,28
Nanoparticle-enhanced biosensors have been extensively researched. Of all nanoparticles, magnetic nanoparticles are proving to be a versatile tool, an excellent case in point being in DNA bioassays, where magnetic nanoparticles were oen used for optimization of the hybridization and separation of target DNA. The efficient attachment of biomolecules to the surface of magnetic nanoparticles and bio recognition site interacting with the analyte is critical parameters in successful separation that determines the test sensitivity which offer promise here because their high surface to volume ratio provides a large number of sites available for molecular immobilization and high specic interaction. [32] [33] [34] The use of magnetic nanoparticles especially has been increasing rapidly because they are superparamagnetic, non-toxic and of a small size and in response to a magnetic eld they become easily magnetized and demagnetized.
Here we describe a quantum dot-based LDR assay developed for the highly sensitive detection of single nucleotide polymorphisms (point mutations) in human genomic DNA. In this assay, the ligation was performed in a tube using a biotinylated common probe and an allele specic discriminating probe labelled with quantum dot. Schematic representation of the assay was shown in Fig. 1 . According to a mutated site, LDR probes were designed for two alleles of a mutated site (Table 1) . Among these oligomers, three label probes are needed for each biallelic marker. A 3 0 -biotin, 5 0 -phosphorylated common probe (common) and two 5 0 -biotin labelled allele-specic probes were designed which had the allelic base at the 3 0 -end (LPG probe for wild allele and LPA probe for mutant allele). Ligation reaction performed between two adjacent labelled probes when their hybridization was complementary to the template. Successful ligation of the two probes produces a biotintagged LDR product, which immobilized on streptavidinconjugated magnetic nanoparticles (MNPs) through the biotin-streptavidin interaction. Aer re-moving the supernatant using magnetic separation, uorescent signal of LDR products monitor by rotor-gene 6000TM real time rotary analyzer. It does not require amplication step and use biotinstreptavidin interaction for capturing of nanoparticles to ligation products, which was very fast and highly specic interaction. Separating and labelling steps do in one tube using this quick and easily biotin-streptavidin interaction.
Material and methods

Chemical and instruments
Rotor-Gene 6000TM real time rotary analyzer (Germany; https://www.qiagen.com) was used for signal detection of LDR product conjugated with QD. Qdot 605 ITK Streptavidin Conjugate Kit was purchased from Invitrogen (USA; https://www.thermosher.com). A series of oligonucleotides were commercially synthesized by Bioneer (Korea; http:// www.bioneer.com). Sequences of these oligos are listed in Table 1 . We used Nano Drop system (Biochrome ltd, UK; http://www.biochrom.co.uk) for determination of DNA concentration. Streptavidin-coated magnetic nanoparticles were purchased from Chemicell (Germany; https:// www.2bscientic.com) and TaqDNA ligase was obtained from New England Biolabs (USA; https://www.neb.com).
Specimens and DNA extraction
All experiments were performed in compliance with the guideline "Biomedical research ethics review method Fig. 1 Schematics of the ligase reaction assisted by quantum dots and magnetic nanoparticle-based probes for fluorescent detection of wild and mutant alleles of beta-thalassemia IVS-II-I G / A. Biotin labelled allele specific forward probes, reverse probes and ligase were mixed for LDR. Taq DNA ligase joins two adjacent probes when these probes perfectly match to the template and produces ligation products. Ligation products attached to MNPs at one end and QDs at the other end. Genotypes are determined by detecting the fluorescence signal of QD using rotor-gene 6000 real-time rotary analyzer. QD: quantum dot; MNP: magnetic nanoparticle. involving people" (I.R. Iran), and approved by the ethical committee of Mazandaran University of Medical Science. Informed consents were obtained from human participants of this study. Fiy persons who their IVSII-1 (G / A) beta globin gene mutation investigated using ARMS-PCR method established in Mazandaran Thalassemia Research Center. Genomic DNA was isolated from leucocytes in peripheral blood of normal and patients subjects using phenol-chloroform extraction protocol. In addition, the genomic DNA concentration was assessed at 260 nm wavelength using UV-vis spectrophotometer.
LDR amplication
LDR was performed using a Bio-Rad MJ mini thermal cycler. Extracted genomic DNA was used as LDR template. A set of 3 probes, including one common probe and two variant-specic probes were designed and ordered. All probes were labelled with biotin and attach to streptavidin coated magnetic nanoparticles and streptavidin coated quantum dots. Each LDR reaction contained 10 mL reaction volumes: 1 mL of 10Â Taq ligase buffer; 4 units TaqDNA ligase; 20 mM each probes; template (20 ng genomic DNA). The conditions of LDR were the following: initial denaturation at 94 C for 4 min, followed by 30
cycles of denaturation at 94 C for 30 s, then 65 C for 5 min.
Coupling LDR ligated products
The proposed method employed MNPs to capture LDR ligated products through biotin-streptavidin interaction. The capturing process involved two major steps: (1) capturing ligated products using streptavidin-coated MNPs; (2) removal of non-specic absorption components on the surface of MNPs using washing buffer. Hence, 10 ml of LDR products with 2 ml of MNPs (1 mg ml À1 ) were incubated for 30 min at 37 C. Then
MNPs were absorbed using a magnetic plate and supernatant was discharged. Next, the MNPs were re-dispersed in incubation buffer and this washing procedure was repeated three times. Subsequently, 5 ml QD (0.2 mM) was added to the MNP-LDR mixture for 30 min at 37 C for shaping MNP-LDR-QD nanocomplexes. Then, the nanocomplexes transferred to a magnetic plate, supernatant was discharged, and washing procedure was repeated three times again. Finally, deposited nanocomplexes were resuspended in 10 ml incubation buffer for uorescent measurement.
Fluorescent assay
Fluorescence ligation products on the surface of MNPs were detected by the rotor-gene 6000 real-time rotary analyzer and the corresponding signal were obtained which refer to QD 605 ITK Streptavidin in orange area.
TEM characterization
A few drops of each QDs, MNPs and ligation products sample were dispersed onto a 3 mm copper grid covered with a continuous carbon lm and dried at room temperature. The TEM image of each sample was obtained on a CM30
transmission electron microscope (Philips EO, Netherlands) operating at 150 kV. 
Clinical performance of LDR-QD system
35,36
Results
TEM
To investigate the formation of the MNP-QD conjugate, TEM images were obtained from MNPs and QDs before and aer ligation detection reaction (LDR). TEM micrographs showed that MNPs surrounded by QDs, which indicated the formation of the MNP-QD conjugates (Fig. 2) .
QD-LDR signals
In the presence of a mismatch between two adjacent probes and template, ligation was not occurred. During LDR process, 3 0 and 5 0 -biotin-LPA labelled ligation product was amplied for mutated template and 3 0 and 5 0 -LPG-labeled ligation product was amplied for wild type template. These ligation products were attached to the QD streptavidin conjugate through biotinstreptavidin interaction and captured by streptavidin coated MNPs. The signal of QD was determined by detection of the uorescence signal using rotor-gene 6000 real-time rotary analyzer in wavelength of 605 nm (orange area) (Fig. 3) .
QD-LDR genotyping
Genotypes were determined by detecting the uorescence signals of QDs attached to ligation products (Fig. 3) . Two LDR reactions were performed in separated tubes which was used wild allele specic probe (LPG) at one tube and mutant allele specic (LPA) at the other one. Both tubes exhibited uores-cence signal in heterozygote mutant sample, the tube that included of LPG exhibited signal in normal sample and the tube that consist of LPA had signal in homozygote mutant sample (Fig. 4) .
QD-LDR clinical performance
The clinical performance of the test was determined by comparing the results of LDR-QD test and ARMS. Table 2 summarized reliability values of LDR-QD test for diagnosis of bthalassemia. In this study, among 50 persons with and without IVSII-1 (G-A) mutation, the false negative and positive results were 2 and 8 alleles respectively; however, the true positive and negative results were 47 and 43 alleles respectively. Moreover, the comparison between the results of the routine tests with the LDR-QD results indicated the sensitivity and specicity of this assay were 85.45% and 95.77% respectively ( Table 2) . Our results suggested that LDR-QD system could be suitable for detection of IVSII-1 (G-A) mutation. High sensitivity and specicity of this assay for point mutation detection was attributed to the high-efficiency ligase based LDR and the signal amplication ability of QD-labelled probe.
Discussion
Beta thalassemia is considered the most common autosomal single gene disorder worldwide that can be found in more than 60 countries with a carrier population of up to 150-200 million. So far, close to 200 different mutations in the b-globin gene have been reported that associated with the onset of the disease 37, 38 the frequency and geographic distribution of beta thalassemia mutations is useful to establish a program for carrier screening, genetic counselling, prenatal diagnosis and for physicians to Table 3 Comparisons of conventional assay with the present research for point mutation detection In this report, we described a nanodiagnostic method for betathalassemia point mutation using quantum dot-LDR system that could detect directly point mutations in human genomic DNA. Combining ligase detection reaction (LDR) and magnetic nanoparticle technique used for increased sensitivity, and employing uorescence ligation products allowed detection analysis. The method has been demonstrated as convenient point mutation detection in human genome with the genotyping of the IVSII-1 (G / A) point mutation of b-globin gene associated with thalassemia disease. Although LDR was highly specic in base recognition, but it had very limited sensitivity. Consequently, LDR was usually combined with PCR that exponentially amplied the ligation products to a detectable level. The combined PCR-LDR process signicantly improves the assay sensitivity but suffers from the complications of PCR.
1,39 To our knowledge, this is the rst report to demonstrate a practical biological application of LDR-quantum dot PCR-free system.
Streptavidin-biotin interaction was specically chosen for this assay. This binding interaction was quick, reliable and strong. 17, 40 The success of the system depend on three components: (1) accuracy of the allele discrimination reaction by thermal DNA ligase, which has been well-established; (2) specicity biotin-streptavidin interaction between magnetic nanoparticles and quantum dots with ligation products; (3) the sensitive detection resulting from LDR product coupled with quantum dot and enrichment of streptavidin-coated magnetic nanoparticle.
The assay was able to differentiate between the homogeneous mutant, the heterozygous mutant and the wild type by analyzing the sample using QD-labelled mutant and wild typespecic probes. The method is simple, cost-effective, and paves a new way for point mutation detection as well as molecular diagnosis. 41 While there have been studies such as those described by Meng and Battistella, which have reported the use of ligase detection system for point mutation detection, this study is unique in its integration of quantum dot and magnetic nanoparticles with LDR assay (Table 3) .
While there have been studies which have reported the use of ligation reaction for point mutation detection, this study is unique in its integration of both quantum dots and magnetic nanoparticles in LDR-PCR free system.
47-49
Meng and Battistella described a convenient genotyping method capable of detecting point mutations directly in human genomic DNA based on the combination of ligase chain reaction (LCR) and microbead-enrichment technique. LCR probes, including a biotin-labelled common probe and two uorescence-labelled allele-specic probes, were designed for two alleles of a mutated site. When genomic DNA carried the mutated site, the common probe and allele-specic probe were ligated to form exponential amplied biotin-labelled uores-cence ligation products. Streptavidin-coated microbeads enriched these ligated products, and genotypes were identied conveniently according to the uorescence colour of microbeads using uorescent microscopy. The method had been demonstrated as convenient point mutation detection in human genome with the genotyping of the CD17 (A / T) point mutation of b-globin gene associated with thalassemia disease.
44
In the LCR, thermostable ligase lacking blunt-end ligation activity should be used to prevent the generation of background signals produced by the blunt-end ligation of the complementary probe pair duplexes. 50 In a manner analogous to PCR, the ligated products could be exponentially amplied because the ligated probes serve as a template for the ligation reaction of the complementary probe pair in the following cycle. However, despite the improved efficiency, the LCR was prone to falsepositive amplication. Because non-specically ligated probes could also be used as a template so, the LCR was not as popular. 51 Battistella et al. developed a genotyping assay based on LDR system that followed by a universal PCR (U-PCR) of genomic DNA-templated LDR product. The assay was designed to detect 7 prevalent mutations in the beta globin gene. 46 Although this strategy had sufficiently high sensitivity and specicity to differentiate multiple targets but the combined PCR-LDR process suffer from the complications of PCR.
Several point mutation detection methods have been developed such as restriction fragment length polymorphisms (RFLP), 52 temporal temperature gradient gel electrophoresis (TGGE), 53 denaturing gradient gel electrophoresis (DGGE), 54, 55 reverse dot blot hybridization, amplication refractory mutation system (ARMS), 56 high resolution melting (HRM).
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However, these technologies have some shortcomings. The main disadvantages of PCR based methods although highly sensitive are amplication errors due to mispriming, limited accuracy of discriminating single nucleotide variations, post-PCR processing steps such as gel electrophoresis and limited multiplexing capability.
To overcome these problems we presented a novel SNP assay that for the rst time exploited MNPs and QDs coupled with LDR technique, which is removed amplication and post-PCR processing steps. Unique optical properties of QDs increase multiplexing capability of the assay. High throughput magnetic separation and high precision QD signal detection improve the sensitivity and selectivity of this assay.
Conclusion
This nanodiagnostic ligation assay was developed for accurately SNP/point mutation detection directly in human genomic DNA. This method did not require amplication step and use very fast and highly specic biotin-streptavidin interaction. Separating and labelling steps do in one tube using this quick and easily biotin-streptavidin interaction. Quantum dots have a broader excitation spectra and a narrow more sharply dened emission peak, which was not presented in organic uorophores. Due to these properties, a single light source can be used to excite multicolour quantum dots simultaneously without signal overlap and allows the use of many probes to track several targets simultaneously, too. The large Stokes shi (difference between peak absorption and peak emission wavelengths) reduces autouorescence, which increases sensitivity. In future using two different types of quantum dots signal can be detected in one tube, which reduces sample volume, processing times. Finally, this method matches the golden rules for the development of diagnostic applications. These include (1) low costs, (2) multiplexing capabilities, (3) short processing times, (4) low sample consumption, (5) easy adaptability to new formats and targets, (6) easily standardized and programmed.
